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ABSTRACT

Global ozone” observations from the Microwave Limb Sounder (M 1,S)
aboard the Upper Atimosphere Rescarch Satellite (U A RS) are presented, in
both vertically resolved and column abundance formats, We review the zonal
mcan ozone variations mecasurcd over the two and a half years since launch
inSeptember 1991, Well-kNowll fcatures such as the annual and semi-annual
variations arc ubiquitous. In the equatorial regions, longer-krm changes tied
to the quasi-bicnnial oscillation (QBO) arc obscrved, with a strong semi-
annual signal above 20 h | ‘a  Iquatorial ozone values necar 50 hPa exhibit
low values from October 1991to June 1992, with a fairly rapid increase in
carly summer 1992, after which the low ozonce pattern splits intwo, yielding
minima in the sub-tropics (possibly in connection with residual circulation
changes tied to the QBO).The ozone hole development at high southern
latitudes is apparent in MLS column data integrated down to 100 hPa, with
a pattern generally consistent with Nimbus-7 T'OMS measurements of total
column;the MLS data reinforce current knowledge of this lower stratospheric
phenomenonby providing a height-dependent view of the variations. The re-
gionfrom 30S to 30N (an area cqual to half the global ared) shows very little
changein the ozone column from ycar to year and withincach year.

The most striking ozone changes have occurred at northernmid-latitudes,
withthe October 1992 to July 1993 column values significantly lower than
during the prior year. The zonal mean changes manifest themsclves as a
slower rate of increasc during the 1992-93 winter, and some cvidence for a
lower fallminimum. A sub-tropical low startingin late 1992, with significant
contribution from changesinthe lowermost stratosphere (near 100 hPa) may
play arolcin the gencration of low ozone al mid- latitudes. A recovery occurs
during the summer of 1 993; early 1994 values aresignificantly larger than
during the 2 previous winters. Thesc results arcin general agreement with
variations measured by the Nimbus-7 TOMS and Mecteor-3 TOMS instru-
ments at mid- latitudes. However, the southern mid-latitudes exhibit less of
a column ozone decrease in the MLS data (dew 11 to 100 hPa) thanin the
TOM S column results, with possible implications on the altitude-dep endence
of the changes in both hemispheres. The timing and latitudinal extent of
the northern mid-latitude decrcases appear to rule out observed ClO en -
hancementsin the arctic vortex, with rclated chemical processing and ozone
dilution effects, as a unique causc. local depletion from ClO-related chem-
ical mechanisms alone is also not suflicient, based on MLS C]() data. The
puzzling asymmetric nature of thechanges probably requires a dynamical
component as an explanation. A combination of cflects (including chemical
destruction via heterogencous processes, QBO phasing, reduced ozone at low
latitudes and subsequent poleward transport) probably needs to be invoked.

Finall y, residua ozone valucs extracted from TOMS minus M1,S column
data arc briefly presented as a preliminary view into the potential useful ness
of suchstudies, withinformation 011 tropospheric ozonc as an ultimate goal.




1. introduction

1'here have! been various reports Of stronger than expected declines in
ozone during the last two ycars, from satellite. mecasurements (Gleason ct
al., 1993; Herman and Larko 1994, Planct ct a., 1994) to ground-based and
balloon-bad data (Grantect a. 1992, 1994, Kerrct a., 1993; Bojkov ct
al., 1993; Hofmannect a., 1993, 1994; Komhyret al., 1994). The potential
for ozone destruction asa result of heterogencous reactions occurring on
volcanic (sulphate)acrosols has been increasingly discussed since the large
cruptionof the 151 Chichon volcanoin 1982 and its possible relation to ozonc
changes (Hofmannand Solomon1989). The possible impact of the June 1991
cruption of Mount Pinatubo on ozone is a subject of much current interest,
given the large imcreasc instratospheric volcanic acrosol from that eruption
(Bluth et a. 1992, McCormick and Veiga 1992, McCormick ct al. 1994).

The Upper Atmosphere Rescarch Satellite (UARS) was launched on Septem-
ber 12 1 W], with 10 instruments of international origins aboard (Reber
1 993). The study of upper atmospheric chemistry and dynamics, coupled
with UARS mcasurements of solar flux andenergetic particles, is at the cen-
ter of this mission’s rescarch goals.

Ozone measurements from the Microwave Limb Sounder (MLS) arc de-
scribed in this paper, for the period between October 1 991and March 1994,
We focus onthe zonal mean variations observed throughout the globe during
this interesting time. This overview is meant to present some of the more
obvious features scen in MLS data, even though a full interpretation (with

modcl comparisons) will have to await further studies. Sincethe MLS data



arc now being released to the “non-U A 1S” community, it is hoped that this
paper can guide other interested scient sts towards certain areas of research
m relation tothis data set. Klsonect al. (1994) give anoverview of the
large-sc.alc wave components of the MLS ozonc data. Some words of cau-
{ionand caveats arc given in section 2, regarding retrieval uncertaintics and
known systematics, even though an overall good quality product has been
achicved so far. The data set presented here was generated from M 1,S V3
Level 3 data files on the Central Data Handling Facility at the Goddard
Space Flight Center; these arc the files which arc being stored on the 1 )ata
Archive Accessing Center (D AAC), also at Goddard. JFurther details and
profile Intercomparisons with other data sets will be given in upcoming pub-
lications. in scction 3, zonal mean ozone mixing ratios at various latitudes
from 80S to 80N latitude arc presented; some emphasis is placed on changes
observed at low latitudes, and the possible connection with the QBO. The
ozone abundances arc thenintegratedin the vertical to produce zonalmean
column mecasurements, for various pressure intervals; this is discussed pri-
marily inscction 4. We focus in section Hon the ozone column behavior al
mid-latitudes (30 to 60 degree bin) and the significant diflerences observed
during the first two years of MLS operation,along with possible explanations
for these mecasurcments. (comparisons with both the Nimbus-7 and Meteor-3
TOM S ozone column data arc madec. Section 6 gives a brief presentation
of residual ozone colummnobtained from a subtraction of h4l, S columnfrom
TOMS total column data, as a topic worthy of further study, regarding the

possibility of extracting variations intropospheric ozone.




2. MLS ozone retrievals

The MLS instrument measures thermal emission at. millimeter wave-
lengths by scanning through the almospheric limb (Waters, 1993). An in-
strument description has been given by Barath et al. (1993), and first results
on polar ClO and ozone in the lower stratosphere are deseribed in Waters et
al, (1 993a).Temperature (with tangent pressure registration from Oazlines
at 63 Gllz) and water vapor (e.g. Harwoodetal. 1 993)arctheother primary
products, but information on S02 (Readct a., 1993) and HNO; (Santce ct
al., 1994) is also present in thespectra. Ozone is measured in two distinct
spectra] bands by the “205 GHz” and “183 Gllz” radiometers and indepen-
dent retrievals are carried out for cach band. We report here on the 205 Gllz
results only, because they have shown somewhat better accuracy than the
183 GHz results and because they cover a longer time period (the 183 Gllz
radiometer measuring 11,0 and Oz stopped operating in mid-April 1993).
Stratospheric abundances and variations are emphasized here (mesospheric
information is mostly obtainable from the 183 Gllz ozone retrievals). Atimo-
spheric profiles retrieved in this fashion arc spaced about 4 degrees apart in
latitude, with better cove.rage ncar the latitudes corresponding to orbit turn-
around. These turn-around points occur at about 34N (34S) and 80S (80N)
when the satellite is flying forward (backward), withthe alternating coverage
arising as aresull of the UARS yaw mancuvers (roughly every 36 days), tied
to the orbit precession. There arc 15 orbits per day, so that cach latitude (at

the 4 dcgree resolution) is sampled about 30 times during a 24 hour period.
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This typel of sampling gocs into hczonalmeans discussed throughout this
paper.

Substantial details 011 MLS ozone retrievals and comparisons wit] 1 other
datla scts will be discussed inupcoming work, and continued validation and
refinements in the retrievals are to be expected.

The MLS retrieval technique uses a sequential estimation approach (Rodgers,
1976) Lo obtain tangent pressure andtemperature fromthe 63 G] 1 z band,
followed by mixing ratio retricvals inthe other bands. Climatological a pri-
ori profiles, provided by UARS investigators (bad on existing data scts,
and models where data are lacking) are combined with the data in this tech -
nique, mostly for stability inaltitude regions where measurement sensitivity
is rapidly degrading; we have used large a priori errors to ensurce that mini-
mal bias is introducedin the retrievals. Giventhe lincarity inthe radiat ive
transfer a these wavelengths, a single pass fit gives good results, and we
have not used optically-thick channels. 1 low’ever, further improvements can
be expected witha fully iterative retrieval, tobe implemented forthe next
major reprocessing of the. h41,S data. The current retrieval mixing ratio pro-
files consist of joinedlincar segments having 3 equally spaced breakpoints
per decade changein log]” (i.c. at pressures of 100 hPa,46hPa,22hPa, . ).
which corresponds to a vertical (Ievel 2) grid with roughly 6 ki spacing. The
almospheric profiles are retrieved as the breakpoint values. An approximate
interpretation of these values, relative to the true (infinite resolution) profile,
is the least-squares fit of the lincarly-segmented retrieval profile to the truc

onc. The integrated area under the retrieved profile is conserved regardless




of the vertical structure in the rcal profile or the retricval grid spacing. The
Level 3 standard UARS grid is twice as fine as the MLS Level 2 grid, i.e. it
has 6 points per decade inlogP rather than 3. The MLS values al the non-
retrieved 1 .evel 3 grid points are averages of the Level 2 coeflicient values on
either side. A trade-ofi exists between vertical resolution and profile noise;
the optimum MLS vertical resolution is 5 points per decade in logP, which
is only slightly coarser than thel.evel 3 grid spacing. Profiles retricved from
MLS obscrvations should generally be sensitive to features with vertical scale
of afew km. Smecaring effects from theantenna field of view and radiative
transfer through the atmosphere lead to a vertical smearing of 3.2 km (4 km
is often quoted as vertical resolution). Current estimates of retrieval preei -
sion ( “Isigima noise estimate”) for single profiles are 0.3 ppmv between 1
and 4.6 hPa, 0.2 ppmv between 10 and 46 hPa, ant] 0.5 ppmv at 100 hPa.
These figures are based onobserved summertime variability (r.m .s. devia-
tionabout the mean) inlatitude bands near furn-around (30-35N or 30-35S)
- where a large number of profiles can be obtained in a narrow latitude range
) as well as in therelatively quict tropical regions (55-5N); true precision
may bec slightly better thau the minimum standard deviation obtained for
the 8 clays uscd in this analysis, bul theorctical estimates agree well with
this empiricalmethod of estimating precision. lor zonal means in atypical
5 dcgrcc-wide latitude bin, with about 40 to 45 individual measurements
included, precision is expected to be of order 0.1 ppmv or less. in terms of
the noisc component on column ozone calculated by integrating the retricved

profilesin the vertical, as doncinthis paper, the corrclation between levels
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leads 1o some cancellation of errors. Our cstimates of column precision, us-

ing the minimum obsecrved variability in “quiet)’ periods/locations and near
turn-around points (from asample of 8 days, cachwith over 100 profilesin 2
scparate latitude bins)arc 7 DU (Dobson units), 2DU and 1 DU for column
ozone calculated above 100 hPa,46hPa,and 22 hParespectively. For zonal
means in a typical 5 dcgrcc-wide bin, these column precision estimates will
go down by afactor of about six.

However, systematic crrors will not “average out)’. Based on comparisons
with other data sets, and based oncxamination of the fields themselves, we
find that there arec small biases al certain pressure levels.In particular,
the 46 h1’a MLS values may bc somewhat low (a few tenths of a ppmv),
whercas the 100 hPa values show an opposite bias (of order 0.1 to 0.2 ppmv
high). The retrieval technique relies on” fitting the spectral contrast within
the instrument bandpass. in the lowermost stratosphere, this contrast is
significantly reduced in comparison withthe mid-to upper stratosphere, and
it becomes difficult to separate from contributions (some better taken into
account than others) from 1 NOj, 1H;0,N20,dry air continuum, and other
small instrumental or computational effects. We sometimes get zonal mean
values whicharc negative at 100 hPa (the lowest lcvel for reasonable MLS
sensitivity), particularly inthe summer monthsat tropical latit udes; this
bias is not yet removed or completely understood. IFinally, small oscillations
in the mcan field, tied to the UARS “yaw- cycle” - 36 day variation - , arc
known to exist (see figures later in the paper), particularly inthelowermost

stratosphere; sialldiscontinuitics can also appear when a yaw' day is crossed.




These features may be prop agated to Ozone! through the retrieved tangent

pressure cflect, and further investigation is neccessary to fully understand and
remove these cilects, which arc present at the few percent level.

The above issues should not affect the mainresults presented here, which
mostly deal with zonal mean trends. For example, excellent tracking has
been obtained between MLS and SAGIS 11 ozone mean values (1). Cunnold,
private communication, 1 993), despite asmalloflsel between the two data
sets (5- 10 % higher values scenin M 1,S ozone), and other high-quality com-
parisons with ,ground-based, ozoncsonde data and other UARS instruments
have beenmade (to be published later). The M LS zonal mean radiances are
generally fit by “forward mode]” radiances (using retriecved MLS fields) to
within onc percent (r. m.s).

We now turnto adescription of some of the interesting aspects of these 2.5

years of M LS data onzonal mean ozone.

3, Ozone mixing ratio data

Figure 1is a time series representation of zonal mean ozone volume mixing
ratio for 4 pressure levels (46, 22, 10, and 2 h1’a), from October 1991 to March
1994. These zonal means arc computed from MLS Level 3A 1, data (every
4 degreesin latitude), Fach year of data (starting inOctlober) is shownin
a diflerent color. Because of the UARS cyclic “yaw mancuver”, MLS data
alternate between mostly northernand mostly southernlatitudes (coverage
from 34S to 80N, followed by 34N to 80 S). This leads to roughly 36-day gaps

inMLS data at latitudes poleward of 34N or 34S (scc Fig, 1 ). other gaps
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occasionally occur bemuse of missing or bad data, caused by problems with
the instrument or satellite. Figures 2 and 3 also display zonal mcan MLS
ozone mixing ratio data (for all rctrieval points between 100 and 2.2 hPa, i.e.
a 100, 46, 22, 10,5, and 2 hP’a), for each of the first 2 ycars of obscrvation, as
color contour plots. Thisbrings out certain features more easily than i Fig.
1. Data used in these figures arc derived {rom Vourier coefficients in time
and longitude, as described by Elsonet al. (1994), and accuratel y represent
variations longer than onc day.

There are a number of general points which one canmake, based on the
above figures, mostly as a check of previous results on stratospheric, ozonc.
For example, largest ozone mixing ratios arc observed ai equatorial lati-
tudes in the mid-stratosphere (sec the 10 hP’a plots), and largest variability
is observed at high latitudes in winter, as cxpected. Note that simall tem-
poral oscillations canbcscen (probably bestin}igs 2 « 3 inthe tropics),
tied to the UARS yqw period of approximately 36 days. These are known
artifacts in MLS data, and investigations continue regarding these cffects,
which arc present at the few percentlevel. The lower stratospheric ozone
maxima are observed during February/Marchinthe northern hemisphere
mid-to-high latitudes, witha similar peak during August /Septemberin the
southern hemisphere (see the 46 hP’a plots); this spring maximum is caused
by transport of high ozone air fromthetropics, where the primary produc-
tion occurs, with a subsequent decrcase induced by increasing photochemical
destruction (e.g. Perliskict al. 1989). The ozone hole-rc]atcd decrcase in

ozone during August and Scptember is observed at the highest southernlati -
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tudes, in the 46 hl’a plots (not so much in the 100 hPa plots, interestingly); a
synoptic view of carly results from ML Sinthe 1992 winter over these regions
was given by Waters et a. (1993b). We will come back to the ozone hole
briefly insection 4, but the polar regions are not the main emphasis of this
paper; sce Manney et a., 1994a,b, for rccent discussions of polar ozone loss
basedon UA RSdata from M 1,S and the Cryogenic Limb Array Spectrometer
(CLAES).

in the mid-stratosphere (see the 10 hPa plots) at mid-to highlatitudes,
the annual cycle dominates, as a conscquence of significant photochemical
production which maximizes in the summer. This annual variation is ob-
served, with the expected 6-month shift between hemispheres. A well-knowl]
semi-annua] oscillation (SAO)dominates at low latitudesinthe mid-to upper
stratosphere, as observed in these data as wcll (see aso Iluszkiewicz et al.
1994), TheSAOand associated vertical motions arc believed to play arolein
producing fealurcs like the double-peak structures inpressure/latitude cross-
sections of SAMS N2O and C11,ficlds (Gray and ’yle,1987; Choi and Holton,
1 991). In the upper stratosphere, temperature-dependent ozone destruction
cycles play a dominant role,and the 2 hPPa MLS plots appear to follow such
trends (e.g. spring mid-] latitude decrcases when temperatures arc increas-
ing), Thesc and other features related to the annual and semi-a~)llua] ozone
variations arc in general agreement with previous anal yscs by 1 ’erliskiand
London (1 989) and Perliskiet al. (1 989). Ifurther correlative studies would
be useful, however, for quantitative conclusions onthesc variations. Ray ct

a. (1 994) provide a more detailed analysis of the! SAQO, based on MLS data,
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and comment cm the amplitude characteristics versus pressure/latitude.

An interesting tropical feature isthe existence of low ozone abundances
at 46 hPa from Oct.1991to mid-1 992. The low equatorial values (1ig. 1)
rise sharply during June-July 1992 and level off until the Sep. 1993. From
late 1993 on, low values arc againobserved near the equator.. 1'ig. 2 further
shows thal this low ozone tropical feature splits into two somewh at, weaker
sub-tropical lows after the summer of 1992. The low ozone values may be
linked to upward motion in connection with the quasi-biennial oscillation
(QBO).Indeed, the sub-tropical lows occur during a period of equatorial
westerlies (ncar 2(1 hPa), a period traditionally associated with enhanced
downward motion atthe equator, withupwelling in the sub-tropics as a re-
sult of the returnarms of the induced circulation (e.g. Gray aud Pyle,1989).
Obscrvations of the sub-tropical ozone QBO, as deduced from TOMS data
by Bowman (1 989), can place constraints on details of the mechanism for the
QRBO and the spread of rclated anomalics to other latitudes. We simply note
here that the sul]-tropics] low ozone values arc rcasonably symmetric about
the equator - Bowman (1989) and Lait ct a. (1989) point out that the TOMS
analyses show a morcsymmetric QB3O behavior about the equator than pre-
vious analyses of ground-based or Nimbus-4 BUV data -. llowever, uplift
cffects and circulation changes arising from post- Pinatubo acrosol heating
would also have to be considered as an explanation for low tropical ozone
(Kinne et al. 1992, Schocberl et al. 1993, Grant et al. 1992, 1994, Pitari
1 993). Subsequent spreading of the aerosol to higher latitudes would also

nced to be taken into account; SAG 1'; 11 acrosol data for example, have pro-
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vided much information about the poleward dispersal of Mount Pinatubo
acrosol, a process itself partly connected to the QBO (Trepte and 1 litchman
1992; Trepteetal. 1993). The time constants for lofting (Kinne et al. 1992),
and the fairly symmetric nature of theclatitudinal cross-sections of acrosol
extinction measured by ISAMS (Lambert et al. 1993) and CLARKS (Mergen -
thaler et a, 1 993) during 1992 would lcad us to belicve, however, that the
M L. S-observed splitting of tropical low ozone values into the sub-tropics is a
result of residual circulation effects, possibly tied to the QB3O,as opposed to
acroso]-induced lofting effects. We examine further inl'ig. 4 the variations
in equatorial mixing ratio (AQ3z) with respect to the mcanover the two and
a half year period of M1L.S observations. This figure shows that the changes
mentioned above for 46 hPa arcsomcwhat anti-corrclated with changes oc-
curring at 100 hPa. We keep in mind the caveats mentioned in section 2 on
error estimates, with a remote possibility that unmodeled variations in11NQO3
or upper tropospheric H20 could play aroleinthe ozone effects sewn here;
however, wc fee] that the maincharacteristics shownhere are actual changes
in atmospheric ozone. Thec suggestion from the anti-correlated behavior in
these lower stratospheric levels is one of oppositely directed vertical motions
at the 100 and 46 hPalevels, We do not know whether the MLS variations
for 100 hPa shown in Fig. 4 arc consistent with mode] expectations al these
levels, but the expected opposite vertical motions on ecitherside of the zero-
wind line (in relation to the QBO westerly/easterly regimes) could play a
role in such variations. Wc also note that the 100 hPa values appear to be

more aflected by annual variations than the 46 hl’a values. The numeri-
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cal simulation of the ozone QBO by Gray and Dunkerton (1 990) exhibits a
G month phase shift between the maximumin ozone at altitudes below 23
km and the maximum at about 26 km, which the authors attribute inpart
to chemical control (NO, variations)at the higher altitudes. The observed
phase shift between the observed steep rise inM1LS ozone at 22 hPa and at
46 hP’a appears to agree with that type of behavior. With more MLS data
and further analyses, altitude and latitude dependent results on the ozonce
QBO (amplitude and phasc) could be obtained, as doncfor SAGI 11 data by
Zawodny and McCormick (1 991). Inthemid-to upper stratosphere, observed
variations displayedinldig. 4 show a transition towards changes dominated
by a semi-annua] signal (at 10, 5 and 2 hl’a), with noticeable phase changes
al the different levels.

Pursuing the cquatorial variations a little further, we calculate the ozone
column by integrating the mixing ratios in the vertical, using the. retrieved
MLS profile pointsonly (i.e. every other Level 3 grid point ). Then, based
on the MLS Level 3A L files, we produce an area weighted average for the 55
1o 5N latitude bin. In order to study the height-dependencein the column
amounts, the columnozone values above 100, 46, and 22 hPa are plotied
inliig. .5 as a function of time since October 1, 1991. A 36-day smoothing
(running avcrage) has been appliced to help remove the known spurious os-
cillation tied to thc UARS ‘(yaw period”. While the column above 22 hPa
displays astrong semi-anllual oscillatory behavior, clearly connected to the
mixing ratio variations of I'ig. 4, the column down to the! lower levels (100

and 46 hPa) is adso afleccted by a Ic)l]ger-period variation. Wc infer that this




musl be a manifestation of the quasi-biennial oscillation in column ozone

[see eg. Oltmans and London, 1 982]; adecfinite characterization of the QBO
from M LS data would requircalonger time series aud removal of the mean
annual and semi-annual components. More thorough analyses from satellite
data have been performed (e.g. Hilsenrath and Schlesinger 1981, Hasche
1983, Bowman 1989). Ncvertheless, it is hoped that furtlier investigation
into the 46 and 100 hPa ozone data from MLS (sce fig. 4) will lead to an
improved understanding of the QBO signal and its generation. The bottom
pane] of }ig.5 shows the zonal mean winds atthc equator, at 46 hPPa and 22
hPa, based on United Kingdom Mectcorological Oflice (UKMO) data (Swin-
bank & O’Necill 1994). The ozone QBO has traditionally beenlinked to the
lower stratospheric. wind QBBO and wave-drive]] vertical motions (Holtonand
Lindzen 1972, Plumb 1984) which can modulate the total colum I. Laitl et
al. (1 989) have found better correlation between TOMS total column ozone
QBO signaland the 30 hl’a zonal winds at the equator, than with the 50
hPa winds. Also, Bowman (1 989) finds maximum correlation between TOMS
column ozone data and zonal mean winds at 20 hPa. This agrees with the:
general relationship shown in Fig, 5, where better correlation is apparent for
winds al pressures of 22hPa than at 46 hP’a. The maximum ozone values
occur during the westerly phase of the dynamical QBO ncar 22 hPa, pre-
sumably in connection with the downward motion generally ascribed to this
QBO phase (e.g. Hamillon,1989; Gray and Dunkerton, 1990). We note that
the long-term column ozone variations sceninliig. 5 (for the columns down

to 100 and 46 hPa)arc mostly driven by the changes at 46 hPa showninig.
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4, in qualitative agrecement withthe implications from Gray and Dunkerton
(1990). lurthermore, the exact phasc relationship beltween ozone and zonal
mecan winds at various heights canbe aflected by the feedback mechanism
of ozone heating onthe circulation, as wcll as by photochemical effects [see
the recent work by 11 ascbe (1994 ) and carlier modeling by Ling and London
(1 986)]. IFurther comparisons with such models would be of much interest,
despite the rclatively short time span of MLLS observations.

We now extend the consideration of column ozone variations to other
latitudes, given the importance of the column to attenuation of solar UV ra-
diation and the cxistence of long-term measurements of column ozone {from

other instruments.

4. An overview of MLS ozone column data

Ananalog to the mixing ratio time series of IYig. 1 is shown in I'ig.
6, for ozone integrated above 100 hPa, every 16 dcgrees inlatitude. The
interannual ozone column changes, for this two and a half year time period
arc seen to maximize inthenorthern mid-] latitudes. In particular, the 48N
October values arc very similar for thethree years, but the rate of increasc
towards the well-known March maximum varies substantially ineach of these
years. The second year (solid dark blue line) showslower values than the
first year (dottedlight blue linc)in the winter, while the third year (thick
red line) exhibits ozone values higher than the first year in that season. It
turns out that most of these changesare driven by interannual variations in

the 100 hPa mixing ratios, as discussed further below. The July through
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September column ozone values are quite similar during 1992 and 1993 for
mid-to-high northern latitudes. The equatorial column behavior mirrors the
changes seen in Fig. 1 a 46h1’a,asshown also in the previous section.
Interannual variations at the southernmost latitudes (80 degrees south) arc
most apparent during the vortex break-up phase. (November), as one might
expect and arc quite small at other times.

In order to get a broader view of the changes at different latitudes, we
have produced arca-weighted integrals of the column ozone variations for
different latitude bandsinlig. 7 (top left pancl), as opposed to the specific
latitudes of Fig. 6. The globe has been split into latitude intervals ranging
from (in degrees) O to 15, 15 to 30, 30 to 60 (mid-latitudes), and 60 to 80
(polar latitudes); also the 30 S-80N, 305-30N, and 30N-80S bins are shown.
The vertical intervals are the same (100 DU from minimum to maximum)
except for the 60-80S bin. lfurthermore, Fig. 7 includes three other pancls
to give column above 221 I's, and the column amounts between 100 and 46
hPa, and between 46 and 22 h’a. Again, the striking feature is thenorthern
micl-latitude (30-60N)wintertime column decrease (or slower rate of increase)
during 1992-93 versus 1991 -92; an average drop of about 8% (20 to 251 U)
is evident from mid- December to mid-March (if one assumes continuity in
the time interval during which MLS is not viewing these regions). Roughly
half of this dccreasc arises from the layer between100 and 46 hl’a, and
another quarter comes from the 46 to 22 hPalaycr, as canbe scen from an
cxamination of the other panclsinlig. 7. Similarly, more than haf of the

rcecovery in the 1993-94 winter is coming fromthe lowermost layer mecasured
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here (roughly 50to 100 111I’a).  The 1993 decrease is reduced in May, and
has cssentially disappeared by mid-summer. Incarly 1994, column ozonc at
northern mid- Jatitudes is roughly 5% higher thanin carly 1992. The highest
northern latitudes also show larger ozone values inlate 1993, but valuesclosce
to the carly 1992 measurements in carly 1994. While the 1992-93 changes
in the 60-80N latitude binarc similar to those occurring in the 30-60N bin,
they are, interestingly, smaller in magnitude; overall, this is also truec of the
changes in the15-30N bin. Wc discuss the mid-] latitude ozone observations
and potential implications at greater length in section 5.

In the tropics, the second year of MLS obscrvations generally shows larger
ozone column valucs than the first year, in contrast to the behavior at higher
latitudes in the north. The integral over 30S to 30N (an area cqual to half
the global area) shows very little change from year to year and within cach
year inthe ozone column above 100 hPa.

The other fairly large difference of note is the October-November 1992
low ozone in the 15-30S latitude bin;in this case, an examination of the mix-
ing ratios snows that these changes appcar to come mostly from the pressure
levels above 100 hPa (46 hPain particular). A large component (about half
ormorc) of the 15-30 degree bin columnozone values and annual variations
(inboth hemispheres) comes from the column above 22 hPa.The average
ozone column changesin the 30-60S bin from year to year are significantly
smaller than the average decrcascin the corresponding northern hemisphere
bin. IFinally, the 60-80S latitude bin clearly show the existence of an ozone

hole development during August/September and the largest intcrannual vari-
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ability is obscrved during vortex break-up in November.

More focussed descriptions of the ozone changes in the polar vortices, as
obscrved from M LS data anal yscs have been given by Waters et al. (1993a,b),
aud Manncy et al. (1 993, 1994a,b). in particular, Manney ct al. (1994a)
discuss the cvidence for vortex-averaged ozoncdepletionin the northern win-
ter, by contrasting the behavior of ozone with long-lived tracers measured
by CLALS. Although wesee no evidence for anozone hole development in
the zonal mean ozone column during the winter at 60 80N, as observed in
the 60-80S binduring September, the rate of incrcase in the column is no
doubt reduced by chlorine-induced ozone destruction (given the MLS ClO
observations also presented in some of the above references).

We conclude this section with a comparison of the MLS ozone variations
at high southern latitudes with Nimbus-7 TOMS total column data. I%g.
8 gives a hcight-dependent view of the column changes as scen by M LS,
for column above 100, 46, and 22 h] 'a, during the months of June through
November 1992. This shows that the overall trends observed by TOMS arc
fairly wc]] reproduced in the MLS column data above 100 hPa, both during
the decline and the springlime increase. Exact tracking between these data
sets is not cxpected, because of the lack of polar night data in the case of
TOMS and because of the different horizontal and vertical resolution between
these instruments (TOMS can sample essentially down to the ground, if the
effects of clouds aud tropospheric profile assumptions on the retrievals are
small). 1t is not quite yet clear, though, why better correlation dots not exist

in the short-term peaks occurring in September (these are tied to warming
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cvents; see Iishbeinet al. 1993). The figure also adds MLS information on
column above other levels, andthis shows that most of the depletionin total
column comes from a reductionin the ozone amount bet ween 100 and 50 h I's,
inagrecement with previous finer resolution vertical profiles from ozonesondes
over Antarctica (e.g. Hofmann et al. 1 989).In contrast, the column above
22 hPa is observed toincrease during this time period, presumably bemuse
of a combination of production increase (more sunlight) and mixing of higher

Ozone! values from lower latitudes.

5. Mid-latitude ozone decreases
a. lurther obscrvational analyscs

We pursue here a more detailed descriptionof the mid-latitude ozone
deereasesin 1992-93, as well as possible implications. IFirst,a comparison
with the TOMS results is warranted. Nimbus-7 TOMS stopped functioning
in May 1993 (last good full day of data is May 6), after over 14 years of out-
standing operation. We have added recent results from the Metcor-3 TOMS
instrument as comparison for1993, including the 1 January to 6 May over-
lap period with Nimbus-7 ‘JOMS. The Mctcor-3 instrument is ina precessing
orbit which leads to periods of time during which observations over a good
portion of a hemisphere are not possible (solar zenith angles are too high);
because of this (and instrument malfunction during most of June 1 993), we
have omitted all of Junc at all latitudes, as well as all of July for south-
crn latitudes from the Meteor-3 data record. The TOMS and MLS column

amounts from October 1 1991 to cnd of September 1993 are shown inlig.
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9, for the 30-60 northernand southern latitude regions. We sce from the fig-
urc that very good agreement is obtained between both TOMS instruments
during the 1993 overlap period shownhere. The 1992-93 decrease in ozone
column is cvidentin TOMS data (as discussed by Gleason ¢t al. 1993). This
is particularly true during winter/s]JrinF; 1n the north, 1 )ecreasesin the south
arc largest in the car] y part of thediagram, i.e. in October/Novmlbcr. By
end of August 1993, TOMS average ozone column amounts have basically
rccovered to the 1992 values, but may stilllic somewhat below the expected
lows based on long-term variability (Hermanct al, 1994); these authors note
that the average symmetry betweenhemispheric (Jong-term) decrcases has
been broken since the onset of large ozonclossesin 1992, mostly in the north-
ern hemisphere. The MLS ozone column data appear to agree qualitatively
with the genera] results seen by the T'OMS instruments over this time pc-
riod. Large northern hemisphere deercases arc also seen by M LS, especial] y
in the wintertime, when the absolute dccrecasc is similar in both data sets
(20 to 25 1) U). Recovery to 1992 values appears to occur somewhat quicker
in the MLS results than in the TOMS data. The recovery inthe south (in
August) is observed inboth data sets. The maiu diflerence is in the mag-
nitude of the southern decreases; TOM S-inferred decreases arc significantly
(50 to 100 %) larger than the MLS column diflerences during November and
January/February in particular. Keepingin mind the MLS column precision
estimates inscction 2, and the fact that a large number of profiles (more than
250) arc averaged in the latitude bands discussed here, noise in the MIS av-

crages should be at the sub-Dobson uuit level. Systemalic effects (see also
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section 2) canremain, as scen for examplein the artificial oscillations for
MLS data withincach UA RS yaw period, These effects (of order 5 DU) are
reproduced inboth ycars, however, and should not aflcct the intcrannual
diflerences at the systematic levels (more than 10 DU) observed by TOMS
inthe south. Rather, a systematic interhemispheric difference between both
years would havcto be invoked, in either TOM S or MLS data. Taken at face
value, the diflerences could imply that the column ozone decreases in the
southern hemisphere occurred at relatively lower altitudes (with respect to
the 100 hl’a pressurclevel) thaninthe northern hemisphere , so that MLS
did not sample the whole effect in the south. 1t appcars unlikely that acrosol
or {ropopausc height effects could cause such differencesin the retrievals be-
tween TOMS and MLS measurements, and further investigation into this
discrepancy in the magnitude of the interhemispheric differences is needed.
Unfortunately, there are fewer grc)und-based or ozonesonde data sets in the
south thanin the northto help in this matter.

We offer afiner resolution picture of the MLS column changes inligure
10, where the complete zonal mean column data set is mapped as a function of
time, for the two years discussed above. T'hc bottom panel gives thediflerence
(sccond ycar minus the first) and puts the temporal and latitudinal extent of
the changes at northern mid-latitudes duringthe first part of the time period
(wintertime in particular) incvidence. One of the changes contributing to the
observed mid-] latitude year-to-year diflerences can be found by cxaminingﬂlc
20-30N latitude region, where the depth of the annual minimuminthe fal is

scen to belargerinthe second year (1 992). Also, the 30-40N band exhibits a
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decrease between October and December, as opposed to the increase in the
previous year. The low ozone values in the 20-40N latitude region arise as
a. combination of the low values at 46hPa, obscrved in the splitting of the
equatorial low mentionedinscction 2, and the overall lower ozone values in
the 100 hPa region (see Fig. 2).

Pancls in IFig. 11 depict the changes in latituclc/pressure cross-sections
from carly 1 )ecember through mid-March,inroughl y two week averages. The
first year (1 991-92), second year (1 992-93), and differences between the two

2

arc shown. ozone concentration (units of 10] * molecules/em3), rather than
mixing ratio is plotted, to emphasize the lower stratosphere, where changes
at 46 and 100 hPa arc most important for column abundances. Higher equa-
{orial ozone values arc observed ncar 46 hPa in the sccond year, as seem
clearly in the diflerence plots, aud the early 1 )ecember southern sub-tropical
decreasc is also seen. The cffect of lower ozone concentrations in the 100 hPa
pressure range in particular is evident at mid-latitudes, with the diflerences
migrating to higher latitudes as time progresses. In late February and carly
March, the ozone dccreascs are spread over a larger vertical extent than dur-
ing December, possibly as a result of polar vortex processing and subsequent
dilution cflccts at lower latitudes,
b. Discussion

Figure 11 is consistent with the long-held views that high latitude winter-
spring ozone column values arise from the poleward and downward transport
of large ozone concentrations produced in the tropics. The mid-latitude fall-

winter decreasec may be related to the mixing of lower than usual values from
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the 50-100 hPa vertical range al low latitudes (20-40N) into the lowermost
(100 hP’a) mid-latitude regions. Polar regiondecreases may have played a role
in February/March [indeed, higher ClO isobservedby M 1S in the vortex in
1993 (Manney ct a. 1994a)], but not inthe carly winter, when high latitude
changes between the two years arc small and much lower ClI O is present in
the vortex. Indced, MLS results from the previous section show that the
ozone decrease in 1992/93 does not start in the polar regions and spread to
lower latitudes.

The low ozone. values observed at mid-latitudes by h41,S arc gencrally
consistent with other recently reported mecasurements such as the Nimbus-7
TOMS results (Gleason ctal. 1993), indicating unprecedented low global
ozone in 1992, the T'OMS update by Herman and Larko (1 994) with hJcteor-
3 TOMS data added up to July 1993, and other groul)d-based ant] satellite
results (Bojkov 1993, Kerr 1993, Hofmannect a. 1993, 1994, Kom hyr et al.
1994, Planctct a. 1994). Given the TOMS historicalrecord and statisti-
cal modcls which canfit this record up to 1 991, the ] 992 and 1993 ozone
column changes at northernmid-latitudesin particular arc significantly out-
side expectations (Gleasonet a. 1993, Herman aud Larko 1 994). Despite
the difference in the magnitude of the hemispheric asymmetry in the de-
creases discussed above for M 1.S versus TTOM S, the M 1,S data support the
statements by Herman and Larko (1 994) that “there isno longer anaver-
age symmetry between the hemispheres”, based on the 1992/93 data and
comparisons to ]Jong-term records (Stolarskictal. 1991, 1992, Hermanct al.

1993, McCormick et al. 1992, Niuect al. 1992). The 1994 MLS data appcar




to show a rcturnto Hre-1 992 values, which should be more in-line with the

historical envelope discussed in TOMS data analyses such as those of Her-
man and Larko (1 994). The northern mid-Jatitude ozone decreases observed
during the two yearsafter the eruption of Mount Pinatubo (June 1991) arc
about anorder of magnitude larger than the already significant long-term de-
crcases discussed in some of the above references. ‘1'here were also equatorial
ozone decreases (Grant et a. 1992, 1994, Schoeberlet a. 1993, Herman and
Larko, 1994) inthe months just after the cruption. The low MLS equatorial
values (late 1991 aud early 1992) appcar to support the latter findings, but
the MLS data lack the long-term record for comparisons from the pre-and
post- Pinatubo time periods. Indeed, other cflects probably played a rolcin
the continuation of low ozone at low latitude, as observedin MLS data
The combination of these observed ozone decreases, as well as the recovery
in late 1993, point to Mount Pinatuboas a likely culprit for at least part of the
ozone changes. As mentioned above, as well as by Hermanand Larko (1 994),
the timing of the decrecases does not support a polar processing/dilution cf-
fcct alone. Furthermore, known natural causes of ozone decrease such as
solar flux variations or QBO effects appear to be too smallto explain, by
themselves, the large recent changes in ozone (Schocberl et al. 1993, Chandra
1993, Glcasonet al., 1993, Hermanect al. 1 993). Rather, a combination of
cflects is probably required, but the timing, duration, magnitude, and latitu-
dinal extent of the ozone deccrcase al need to be addressed. 1 leating by the

volcanic acrosol appears to have occurred after the Mount Pinatubo crup-

tion (Labitzke aud McCormick, 1992). Such heating can then lcad to uplift
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(and subsequent adiabatic cooling)inthe tropics] lower stratosphere (Kinne
cl al., 1992), with accompanied reductions in the ozone concentration. Fur-
ther changes in the circulation can aso be expected, and some models have
addressed these issues (Brasscur and Granier 1992, Granier and Brasscur,
1992, Pitari 1993, P’itari and Rizi1993, Kinnison ct al. 1994), cven though a
fully coupled three dimensional simulation of the radiative, dynamical, and
chemical eflects (with realistic aerosol distribution and decay) is a difficult
task. Radiative effects alone, however, would lead to a decrease in the tropi-
cal ozone amounts, but au increaseinthe mid-high latitudes (based on such
models). ‘1'bus, increased chemical destruction associated with heterogencous
rcactions on the sulphatc acrosols appcars to be needed to explain the mid-
latitude ozone 1o sscs. Such effects were discussed previously (1 lofmannand
Solomon, 1 989) in connection with the EI Chichon eruption and possibly -
rel ated ozon e decreases. Inparticular, N2Os hydrolysis onsulphate aerosols,
and the related dccreasc inavailable NO,. and iuc.mast in C10,, (and 1107, has
beenimplicated as a major reason forlong-term trends inozone (Rodriguez
ct a. 1991 ), as well as for observed changes inlower stratospheric specics
concentrations (e.g. Johnston ct a. 1992, halley ct a. 1993, Avallonect dl.
1993, Solomon ct a. 1993, Kawa ct a. 1 993); acrosol-induced changes in
photolysis rates can also cause perturbations in chemical species abundances
(e.g. Michelangeliet al. 1989,1 992). However, the carly reduction in the
tropics is likely a resull of changesin the almospheric heating and circulation
(c.g. Brasscur and Granicr, 1992).

Model calculations of theimpact of heterogencous reactions on sulphate
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aerosol (see also Pitarict a. 1991 ) generally predict largest ozone decreases
at high latitudes. A recent 2-1) mode] with more realistic acrosol distribution
by Rodriguez et al. (1 994) gives a reduction (from a background aerosol
case) of about 2-4 % in the 30-60 dcgree latitude region, with a peak at
latitudes poleward of 60 degrees. Reasons for the high-latitude peak include
the larger availability of inorganic chlorine, the longer replenishment time
forozone, and the slower photodissociation rate of ] INO3 produced from the
heterogeneous reactions (scc aso 1 lofmann and Solomon 1989), Interestingly,
ozone destruction cycles involving enhanced 1 Oz amounts play a larger role
than cycles involving the enhanced C1O, abundances.

The following aspects of the MLS (aud TOMS) observations may be the
most challenging to understand indectail: (1 ) the latitudinal extent of the
changes, i.e. the observations do not support a high-latitude maximum de-
crcasc genera] 1y predicted by models (2) the asymmetry i u t hedecrcases
about the cquator, and (3) the large decrcasc in 1993, occurring later than
the year dircct] y following the eruption. Issuc (1) may have to do with the
mode] treatment of poleward (and cross-vortex) transport of the aerosols and
related heterogencous chemistry cflects. The extent of recent ozone changes
at northern latitudes resembles more the results of Pitariet al. (1 991) if
the aerosol distribution is artificially limited to latitudes south of 55N (their
Fig. 2b), but this may be an unrclated coincidence. If enhanced chemical
destruction is taking placcat high latitudes as a result of volcanic aerosol,
enhanced poleward transport of ozone from higher tropical altitudes could

mask the effect. It is intcresting, that the long-term ozone trends based on
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TOMS data, as deduced by Niuet al. (1 992), show mostly negative values at
high latitudes, bul some longitudinal regions of illc.mast as WC]], during the
winter only. For issue (2) above, it is worth noting that enhanced northward
transport is not uncxpected (sce Pitariand Rizi 1 993), after the eruption of
Mount Pinatubo.lHow this north-south asymmetry could lead to a larger
decreasein ozone in the northern mid- latitudes (as opposed to the high lati-
tude effect mentioned above) isanother issue. Details of the transport in the
lowermost stratosphere (and possibly the troposphere) could play a role here.
For example,Houet a. (1 991) have shown that effects ranging from planc-
tary waves (scc also Leovyet d. 1985),to mesospheric drag and tropospheric
forcing (in addition to photochemistry) caninfluence the lower stratospheric
ozone amounts (and thc column ozone); they also discuss the north-south
asymmetry in transport (in relation to the asymmetry in the spring column
maximum). The aerosol observations from SAGE (McCormick and Veiga
1992, Treptectal. 1 993) have shown that the Mount Pinatubo acrosols
spread most] y southward in the first months after the eruption; however,
the altitude distribution of the northward and southward componcnts was
different, withthe northward dispersion occurring at lower altitudes. These
lowermost stratospheric altitudes may be the critical difference, based on
MLS ozone data inbothhemispheres.However, the UARS aerosol extinction
data from ISAMS and CLLAESin1992 do not show much asymmetry between
the two hemispheres (Lambert et al. 1993, Mergenthaler et al. 1993). In
terms of the chemical effects, Deshler et a. (1 993) note that at 41 N latitude,

the important acrosol surface area (and mass) showed a maximum about 6
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months after the eruption, with afairly steady behavior through 1992. We
add that the mid-latitude ClO data from MLS show little asymmetry be-
{ween the hemispheres (Waters el al. in preparation). Howecver, the data
in the lowermost stratosphere have the largest errors and could mask the
existence of some north-south asymmelry there. Also, inconnectlion with
question (3), the MLSCIO data make it difficult to explain the 8 % reduc-
tionin ozone during the winter of 1992-93 by [YO-related chemistry alone
(if wc use first-order cstimates of the impact of the ClO-dimer, C1O-BrO,
and C10-110,rates onozone column); this is also truefor more complete
calculations (including 1O, and other cycles) by Rodriguez ctal. (1 994),
who find a fcw percent reduction inthe column, The latter authors point
oul that saturation of the N;Os hydrolysis heterogencous reaction occurs
during both years following the eruption, and this - combined with the long
time constant for ozone in the lower stratosphere - explains the long steady
duration of thechemical destruction. Given the magnitude of the observed
changes, we find it likely that other cffects played a role as w c]]. Although
Rodriguez ct al. (1 994) note that uncertainticsinheterogencous reaction
rates could beinvoked, this would not resolve the question of an asymmetry
between hemispheres (based on their mode]). 1 lofmannect al. (1994) point
to the QBO as only a partial possible explanation for thelarger decrcasesin
ozone observed in ozonesonde data during 1993. Indeed, the phasing of the
QBO (see Chandral993, Zerefos et al. 1992) would imply a relative highin
mid-latitude ozone in early 1992, followed by a relative low in early 1993 (a-

most opposite in phasing to the variations shown here at the equator for h41,S
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column ozone). The strength of planetary-sc,alc waves is also coupled to the
phase of the QBO (llolton and Tan, 1980). Bascd on the MLS data shown
in this paper, thenorthernhemisphere sub-tropical low ozone column during
late 1992, and subsequent mixing; to higherlatitudes during winter -inthe
lowermost stratosphere- , could play a part in the low northernmid-latitude
ozone values duringthe 1992-93 winter. If the mid-] latitude lower strato-
spheric ozone values during winter occur largely as a result of transport from
higher altitudes in the tropics, however, less cfficient transport in 1992-93
would have to be invoked. Previous models(¢.g. Tungand Yang 1988) have
addressed seasonal changesin column ozone, particularly at high latitudes,
but have not emphasized the seasonal bchavior of mid-latitude ozoneinthe

lowermost stratosphere.

5. Residual ozone (T'OMS minus MLS)

Since the ozone data from TOMS give the otal column down to the
ground (under the caveats mentioned earlier) and are generally quite con-
sistent with ground- based measurements of total column, onc is tempted to
subtract stratospheric column ozone vaues from the 1'OM S data in order to
i nfer troposphericozonc. Ozone inthe troposphere is a precursor for Ol I,
an important radical which controls the oxidization of various source gases,
including methane and hydrogenated chlorofl uorocarbons (11 CI'Cs). Using
TOMS and SAGE data, IFishmanetal. (1990) found that residual (TOMS
minus SAGL) ozonc was large downwind of Africainthe tropics and that

the abundances maximized during the time of biomass burning (the dry sca-
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son ), between July and October. similar results were obtained by Cros ct
al. (1 992), from an analysis of the satellite data over Brazzaville, Congo (4S
latitude); tropospheric ozonecsonde data from that site appear to agree fairly
wc]] with the satellite residual values. Tropospheric ozone column amounts in
the latter study range from about 30 to 50 DU, with a peak in late summer.
IFurthermore, the observed scasonal cyclein tropical total ozone column may
be dominated by tropospheric ozone variations, (Oltmans 1981, Logan and
Kirchhofl 1986, IFishman et a. 1 986); the amplitude of the seasonal cyclein
the tropics is typically of order 201 YU and the ozone maximum atthe surface
tends to occur about two months earlier thantihe stratospheric ozone pcak,
based on limited data sets (Oltmans 1981). There is considerable interest in
determining the controlling factors for tropospheric ozone (biomass burning,
for example, versus stratospheric intrusions); the model by Law and Pyle
(1 993) lends some support to the existence of phase differences between the
troposphere and the lower stratosphere in the tropics.

Wc show hereanexample of residua ozone from Nimbus-7TOMS minus
MLS column ozone (where the MLS column is above 100 hiPa). The latitude
bin chosen here is 5 to 10 degrees south, in a region studied by some of the
above authors, because of the existence of heavy biomass burning during
July-October. We have looked at several other latitude bins, notably be-
tween 30S and 30N since the gaps in MLS data at higher latitudes make the
analyses somewhat weaker; the 5-1 OS latitude bin gives onc of the clcancst
residuals (keeping in mind the artificial yaw-period oscillation in h41,S data,

which can bedetected in this figure). The residual ozone has a clear seasonal
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signature. The amplitude of the variationand the timing of the residual max-
imum coincide rcasonably well with results shown in the above rcferences.
It is aso interesting that a phase shift is observed between the residual cal-
culatedin Fig. 12and the residual talc.ulatccl using MLLS data down to 46
hPa only (secFig. 1 3). This could beinterpreted as a phase difference oc-
curring as a result of thedifferent seasonal peaks in the troposphere and
stratosphere (since the curve for 46 hPa is more influenced by stratospheric.
ozone). Preliminary analyses at other latitudes do not yield such a distinct
phase change. While these preliminary results may have some significance
in terms of tropospheric ozone, wc prefer to leave them- in this overview
paper - as an indication of potentially interesting signals, which must bein-
terpreted with great care. The existence of h4l,S systematics a the 5 DU
level, along withthe interpretation of T'OMS data ( ¢.g.in the presence of
clouds), indicate the need for further detailed analyses. An updated version
of ML.S data, with improvementsin the lowermost stratosphere, is planned.
1 Jespite caution shout the current data and the desire not to make prema-
{ure statements about “tropospheric Ozone’ here, we suggest that the MLS
data set, coupled with TOMS ozone column, has the potential for inferring
valuable information onthis interesting; topic.
7. Conclusions

Wec have reviewed the observed variations in MLS stratospheric ozone
data, based onanalyses of two aud a half years (October 1991 to mid-March
1994 ) of zonalmean mixing ratios aud columnabundances. Iixpected pe-

riodic variations arc clecarly observed; for example, wc note the existence of
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aclear SA () in tropi cal ozone, for pressures less than about 20 hl’a, and
the dominant annual cycle at mid-nigh latitudes. Interesting variations are
measured inthe {ropical lower stratosphere: a low equatorial ozone feature
necar 50 hPa, which splits into two sub-tropical lows during the summer of
1992, and reforms a single branch during the fall of 1993. A somewhat anti-
correlated variation is observed at 100 hPa, but the existence of a systematic
negative biasin the summer tropical values needs to be kept inmind. Given
the time constants for the maintenance of aerosol lofting effects (Kinneect
al. 1992), and the observed dispersal of acrosols, we would tend to ascribe
these lower stratospheric variations to changes intheresidual circulation,
possibly Q130-related (vertical motions lcading to lower ozone), as opposed
{o au acrosol-induced change. M LS ozone column data comparisons with
TOMS data in the southern highlatitudes (60 S-80S) exhibit scasonaltrends
(for June through November) consistent with the overal TOMS variations;
the ozone hole development is shown to occur primarily as aresult of de-
creases in the 100 to 50 hPa region (inagrecement with other data); based on
MLS zonalmean data, the decrease is primarily driven by changes near 50
hP’a. The largest ozonc column changes from year to year have occurred dur-
ing the December to March time frame at northern mid-latitudes, with the
1992-93 wintertime values typically 8% lower than the corresponding 1991-
92 abundances. This slowing in the rate of ozone increase during the winier
months appears to be related in large part to decreasesin the lowermost
stratosphere (near 100 h] 'a) during early winter, withan assoc. iated poleward

sprcad, rather than a polar efflect which migrates south; however, dilution ef-
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feets from chlorine-related processing of polar ozone may have contributed
to the decrcases during I'cbruary-March 1993, based on the significantly en-
hanced ClO values observed in the arctic vortex at that time (Manney ct al.
1994a). While the phasing of the QBO is expected to lead to low ozone at
mid-latitudes in late 1992, compared to early 1992, this effect alone would
not beexpected to belarge enough to explain the observations. Since models
donot predict that radiative/dynamical changes could - by themselves - lead
to the type of mid-latitude behavior observed, it is likely that chemical cycles
causing ozone destruction as aresult of heterogencous chemistry on volcanic
aerosols have played a role in the observed decrcases, as predicted by various
modecls. However, the latitudinal extent of the changes (maximum decrease
is not at nigh latitudes) and the asymmetry in the decrcase (northern mid-
latitudes significantly morc affected than the southern mid-latitudes) arc not
easy to understand, given the known characteristics of the acrosol dispersion
after the cruption (and knowledge of the mid-] latitude C10 data from MLS,
Waltcrs ct al. in preparation). Wc note that the TOMS-inferred asymmetry
isnot as large as the M1.S-deduced effect; this could mean that changesin
the southern latitudes occurred somewhat decperin the atmosphere, but this
also requires further investigation, Onec mechanism which could, in princi-
ple, explain the asymmetry, would be poleward mixing of low tropical ozone
values, with stronger mixing towards the northern mid-latitudes; however,
we do not know if the details of such a mechanism arc plausible. What is
neceded, it seems, is an understanding of the changes in the lowermost strato-

sphere. A detailed analysis of other chemical species (or dynamical tracers)




would be desirable, possibly from the Cryogenic Limb Etalon Spectrometer
(CLAKS) data set (cven though these observations ccasedincarly summer
1993), An examination of HNOjor NO, ficlds (in addition to the ClO from
M 1S) may aso shed some light on the magnitude of possible changes caused
by heterogencous chemistry.

The low ozone values observed by M1.S and other instruments from late
1991 to mid-1 993 appear to have essentially disappeared during the late fall
1993 and early winter 1994. This rccovery also seems to imp] y that effects
related to the eruption of Mount Pinatubo were involved in the temporary
ozone depletion, in combination with QBO and other effects. We expect
that future analyses of the ML.S data, in c.conjunction with others from UARS
and clsewhere, will continue to educate us about the particularly interesting
atmospheric cxperiment which seems to have occurred during the UARS
mission.

Finally, analyses of the T'OMS minus M1.S residual ozone column should
eventually improve our understanding of tropospheric ozone variations, and
this paper's brief presentation of residual ozone gives a preliminary indication

of the potential usc of these combined data sets.
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FIGURE CAPTIONS

F] G. 1. Zonal mean ozone volume mixing ratio time series for October
1 1991 through March 14 1994, asmecasured by MLS. Retrievals for four
different retricval pressures arc chosen: 46 hPPa (bottom left), 22 hPa (bot-
tom right), 10 hPa (top left) and 2 hl’a (top right). These data arc from
MLS LL.3AL files, gridded every 4 degreesin latitude. Time series are shown
from the equator to 80 dcgrees latitude (the maximum latitude observable
by MLi'S),in 16 degree increments. Oct. 1991 through Sep. 1992 values arc
given by light blue dotted line, the following year is givenby dark blue solid
ling, and the Oct. 1993 through mid-March 1994 period is shown by red
solid linc. Gapsinthe time series occur at mid-high latitudes because of the

alternating coverage between north and south (sce text).

FIG. 2. Stratospheric zonal mean ozonec mixing ratios from MLS data
created using the asynoptic mapping technique (sex Ilson et al. 1 994), start-
ing with MLS Level 3AT  (time-ordered) files. Contour plots arc shown as
a function of latitude and time, for first two years of MLS operation (Oct.
1991 through Sep. 1992- left panels - and subsequent year - right panels -).
From bottom to top, retrieval grid pressures arc at 100 hPa,46 hl’a, and 22
hPa. Units are ppmv.

Note: Figure 2 & 3 may becombined into one and extended in time so as

to cover until mid-March 1994, as Fig. 1. (4 rclabel dates)
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The UARS Day is 1 onScp. 12 1991, 112 on Jan. 12 1992, 478 on Jan. 1
1993. Thereare 10 "UARS months”’ (each with about 36 days) incach of

the 2 years shown, with MLS data starting on 1 October.

FIG. 3. Same as Fig. 2, but for 10 hPa, 5 hPa (realy 4.6 hPa), and

2 hPa (redly 2.2 hPa).

FIG. 4. liquatorial ozone variation about the 2.5 ycar mecan, as measured
by MIS since shortly after launch. A 36 day smoothing (running average)
has been applied t{o the data,lo remove most of the artificial variation cou-
pled tothe UARS yaw cycle (sce text). Pancls give mixing ratio changes at

various stratospheric pressures, from 100 hPa to 2 hPa.

FIG. 5.Top pane]: integrated ozone column (inDU){rom M 1,S daily
data between 5S and 5N (arca-weighted) versus time, for columndownto 100
hPa (solid line), 46 hPa (dash-dot line), and 22 hPa(dashed line). Bottom
pane]: UKMO 12 GM'T zonal mean winds (in m/s) for same time period,
over the equator (solid line for 46 hPa,dashed line for 22 hPa). Positive wind

is westerly.

FIG.6. Time series of MLS zonal mean ozone column (ill ] YU ) above
100 hPa, for a time period identical to that of Fig. 1 (Ott 1991 through
mid-March 1994 ) and for the same 16 degree incrementsin latitude, Three

curves arc shown for each yecar of data (same identification as in Fig. 1.).
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Vertical scales covera range of 100 DU {or al latitudes except for 80 and -80

degrees, where the variations over a year arc larger, particularly in the south.

FIG. 7. Area-wcightmi average h41,S ozone columnfor various latitude
bins (see labels), as a function of time since Oct 1991 (curves have same iden-
tification asin Figs. 1 and6). Mecan columns are computed above 100 hPa
(top left panel), above 22 hPa (top right), between 100 and 46 hPa (bottom

left), and between 46 and 22 hPa (bottom right).

Fig 8. Column ozonc (DU) from Nimbus-7 TOMS (solid line) and MLS
for the 60 to 80 south latitude bin, for a time period covering the ozonce
hole development during the summer/s)jring of 1992. The various MIS data
points arc labeled with the pressure down to whichthecolumn is computed
(‘TOMS mecasurements go down to the ground, in principle, which accounts

for the larger values).

FI1G.9. Column ozone (DU) from TOM S and ML.S measurements for the
30 to 60 degrees north latitude bin (top pancl) and for 30 to 60 degrees south
(bottom panel), during the Oct. 199] through Sep. 1993 period. Nimbus-7
TOMS data arc the solid lines (blucfor 1991-92, redfor the lower values of
1992-93). Meteor-3 TOMS data are shown by dotted green line, overlapping
the Nimbus-7 T'OMS results during the 1 Jan 1993 to 6 May 1993 interval.
MLS column ozone above 100 hl’a is shown as open blue circles for 1991-92,

and as smaller filled red dots for 1992-93.
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1F1G. 10. MLS column ozone time series as a function of latitude for the
period 1 Ott. 1991 through 30 Sep. 1992 (top pane]), along with the follow-
ing year (middle pane]) aud the difference - 2nd year minus the 1st - (bottom

pane]). Column valucs are computed above 100 hPa.

FIG. 11.Timec evolution of the latituclc/pressure cross section for ozone
density (from MLSdata, coupled with MLS aud NMC temperatures), for
roughly two week averages in the 1991-92 winter (top 4 panels), 1992-93
winter (middle 4 panels), as well as the difference - 2nd year minus the 1st -
(bottom 4 pancls). The exact 4 time periods (from left to right)are: 5 Dec
to 21 Decc, 22 Dec to 8 Jan, 15Febto 28 Feb, aud 1 Mar to 18 Mar.

Note: (a) and (b) willbe juxtaposed ncxtto each other - (a)to theleft of
(b) - for final figurc. Some further cosmetics arc neededin this fig. (as well

as sone OL])CI‘S).

FIG. 12. MLS aud TOMS ozone column values for the 5to 10 degrees
south latitude bin, during the period 1 Oct. 1991 to 31 Dec. 1993. Top pancl:
Nimbus-7 TOMS tota column data arc represented as solid line, Meteor-3
data as dashedline (this overlaps the solid line for 1 Jan. 1993 to 6 May
] 993), and MLS column (above 100 hPa)as dots. Bottom pancl: Residual
difference between the TOMS and M LS column amounts. Plus symbols are
for Nimbus-7 TOMS minus MLS, and triangles arc for Metcor-3 TTOMS mi-
nus MLS.
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FIG. 13. Residual column amount between TOMS and M LS data for the
510 10 degrecs south latitude bin (same time period asin Fig. 12), for MLS
column computed down to 100 hPa (solid linc)and down to 46 hPa (dashed
ling). The lines arc polynomial fits through the residual differences (the solid

line corresponds to the data shown in the bottom panel of Iig. 12).
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